Objectives To assess safety and efficacy of 90 Y resin microspheres administration using undiluted non-ionic contrast material (UDCM) {100% Omnipaque-300 (Iohexol)} in both the ''B'' and ''D'' lines. Materials and methods We reviewed all colorectal cancer liver metastases patients treated with 90 Y resin microspheres radioembolization (RAE) from 2009 to 2017. As of April 2013, two experienced operators started using UDCM (study group) instead of standard sandwich infusion (control group). Occurrence of myelosuppression (leukopenia, neutropenia, erythrocytopenia or/and thrombocytopenia), stasis, nontarget delivery (NTD), median fluoroscopy radiation dose (FRD), median infusion time (IT), liver progression-free (LPFS) and overall survivals (OS) was evaluated. Complications within 6 months post-RAE were reported according to CTCAE v3.0 criteria. Results Study and control groups comprised 23(28%) and 58(72%) patients, respectively. Median follow-up was 9.1 months. There was no statistically significant difference in myelosuppression incidence within 6 months post-RAE between groups. Median FRD and IT for study and control groups were 44.6 vs. 97.35 Gy/cm 2 (p = 0.048) and 31 vs. 39 min (p = 0.006), respectively. A 38% lower stasis incidence in study group was not significant (p = 0.34). NTD occurred in 1/27(4%) study vs. 5/73(7%) control group procedures (p = 1). Grade 1-2 and grade 3-4 toxicities between study and control group patients were 36%(8/22) vs. 45%(26/58), p = 0.61 and 9%(2/22) vs. 16%(9/58), p = 0.72, respectively. There was no difference in LPFS and OS between groups. Conclusion Administration of 90 Y resin microspheres using UDCM in both lines is safe and effective, resulting in lower fluoroscopy radiation dose and shorter infusion time, without evidence of myelosuppression or increased stasis incidence.
.
The manufacturer recommends using a sandwich technique during 90 Y resin microspheres administration [14, 15] . This technique includes a vehicle {sterile water or 5% dextrose solution (D5W)} to preclude direct contact of iodinated contrast material with the resin microspheres. With the sandwich technique, the contrast agent is never used in the ''D'' line (authorized user line). Since neither the 90 Y microspheres nor the vehicle is radiopaque, the sandwich technique does not allow continuous monitoring of the microsphere flow toward the target tumor. This limits the ability to detect microspheres' stasis or reflux, which can result in nontarget delivery with unnecessary toxicity, as well as diminished radioactivity reaching the target tumor. This is particularly important when treating relatively hypovascular tumors such as CLM, where the incidence of stasis may be higher than 30% [16] [17] [18] .
Although the administration of 90 Y resin microspheres with contrast agent in the ''D'' line is not recommended [15] , there are only anecdotal and controversial data regarding potential disadvantages of this technique. The main concern of using a contrast agent as the delivery medium during 90 Y resin microspheres administration includes a theoretical possibility of 90 Y leaching from the resin microspheres. This could cause systemic nontarget radiation delivery [19] . Resin-based yttrium microspheres normally have 0.01-0.4% unbound or unprecipitated 90 Y [20] , with recommended amount of 90 Y leaching of less than 5% [21] . Another concern is the possibility of microspheres clumping, resulting in microcatheter occlusion. This was observed in vitro in the 1990's, when resin microspheres were exposed to ionic contrast medium, although the details of that experiment remain unknown. Resin microspheres aggregation did not occur with isotonic solutions of non-ionic contrast agent and 5% dextrose [22] . The safety of a modified 90 Y microspheres infusion techniques using diluted non-ionic contrast agent in the ''B'' line-only [14, 22] or in both ''B'' and ''D'' lines has been demonstrated [23] . The administration of 90 Y resin microspheres using 50% non-ionic contrast agent in both lines resulted in lower incidence of stasis, shorter resin microspheres infusion and fluoroscopy times without complications [23] .
Fluoroscopic image conspicuity is improved as the opacity degree increases. This is directly proportional to the concentration of iodinated contrast agent used [24] . Since no adverse event was noted when using diluted contrast material, we started using undiluted contrast medium for 90 Y resin microspheres administration in 2013. This work was undertaken to specifically address the safety and efficacy of 90 Y resin microspheres RAE for CLM using undiluted non-ionic contrast material (UDCM) in both ''B'' and ''D'' lines.
Materials and methods
IRB waiver of approval was obtained for this retrospective review of our prospectively created and maintained HIPAA registered and compliant CLM RAE database. All patients with CLM treated with 90 Y resin microspheres RAE from 9/15/2009 to 1/19/2017 were included. Beginning in April 2013, two experienced operators started using 100% nonionic contrast agent {100% Omnipaque-300 (Iohexol 300 mgl/ml, GE Healthcare Inc.)} in both ''B'' and ''D'' lines (study group) instead of the standard sandwich infusion technique (control group) for 90 Y resin microspheres administration. In the study group, intermittent clearance with D5W or sterile water solution was performed from both ''B'' and ''D'' lines as needed not unlike any other embolization technique.
Standard sandwich technique for microspheres administration was used in the control group per manufacturer's instructions, which included administration of sterile water or D5W in both ''B'' and ''D'' lines with intermittent checking for the progress of radioembolization by using non-ionic contrast agent in ''B'' line.
Primary study objectives were as follows:
( Secondary study objectives included:
(1) Analysis of mean laboratory values changes post-RAE between the groups; (2) Liver progression-free survival (LPFS); (3) Overall survival (OS).
Definitions of study objectives were presented in Supplement 1.
All patients were followed at 1-4, 5-8, 9-16 and 17-26 weeks after RAE with clinic visits and laboratory tests to evaluate for possible radiation-induced hepatotoxicity, systemic and any other toxic effect. All laboratory values were recorded by the blinded reader at abovementioned follow-up time points and compared to baseline. In cases of multiple laboratory values within a specific follow-up period available, the value closest to the middle of the specific period was chosen.
Imaging follow-up was obtained at 5-8 weeks and 9-16 weeks post-procedure to assess treatment response and every 3 months thereafter to detect disease progression.
Statistical analysis methodology was described in Supplement 2.
Results

Eighty-one patients underwent 146
90 Y resin microspheres infusions. In 23 (28%) patients, 90 Y delivery was performed using UDCM (study group), whereas in 58 (72%) patients standard sandwich infusion technique was used (control group). Median follow-up time was 9.1 months. One patient in study group was lost to follow-up. Study and control group demographics and post-RAE therapies were described in Supplements 3-4.
Complete Blood Count (CBC) Values Change After Radioembolization: Evidence of Myelosuppression and Lymphopenia
Laboratory values on at least one follow-up time point were available for 20/23 (87%) patients in the study and 56/58 (97%) patients in the control group. On the last follow-up, laboratory values were available for 13/23 (57%) patients in the study and 40/58 (69%) in the control group.
Analysis of CBC values at baseline and follow-ups between the study and control groups showed no evidence to support myelosuppression (Tables 1, 2 , Figs. 1, 2). When comparing study and control groups, the incidence of lymphopenia was statistically significantly lower in the study group at 5-8 weeks post-RAE (p = 0.05).
Detailed description of low CBC values within 6 months post-RAE with related clinical symptoms and treatment in the study group patients was described in Supplement 5.
Incidence of Stasis, Catheter Occlusion and Amount of Prescribed Radiation Dose Delivered
Incidence of stasis in study and control groups was 23% (95% CI 10-36%) vs. 28% (95% CI 19-37%). When accounting for multiple infusions per patients using generalized estimated equations test, the study group patients had 38% lower incidence of stasis (HR 0.62, p = 0.34). The mean percentage of prescribed 90 Y dose administered was 90% in study group (95% CI 85-95%) versus 85% in control group (95% CI 81-89%), p = 0.21. No catheter occlusion was noted.
Median Fluoroscopy Radiation Dose, Microspheres Infusion Time and Amount of Used UDCM
Median microsphere infusion time was 31 vs. 39 min for the study vs. control groups (p = 0.006).
A total of 71 single-infusion procedures were identified and used for the median fluoroscopy radiation dose and median amount of administered UDCM analyses; 8/71 (11%) infusions were excluded from the analysis as they required additional vascular embolization prior to RAE. After exclusion, 12 procedures in the study and 51 in the control group were analyzed.
Median single-infusion RAE fluoroscopy radiation dose for the study and control groups was 44.6 Gy/cm 2 ), respectively, p = 0.048. There was no statistically significant difference in mean patients BMI values between study (26.6) and control group (28.4), p = 0.3. Median amount of UDCM administered in the study and control groups was exactly the same: 150 ml (range, 101-200 ml) and 150 ml (range, 60-275 ml), respectively, p = 0.72 (Table 3) .
Incidence of Reflux and Evidence of Nontarget Delivery on Bremsstrahlung SPECT/CT Imaging
Reflux was not observed in the study group. It was recorded in 3/58 (5%) of infusions in the control group. The incidence of nontarget 90 Y delivery on Bremsstrahlung SPECT/CT between study and control groups was 1/27 (4%, 95% CI 0-11%) vs. 5/73 (7%, 95% CI 1-13%), p = 1. In the study group, tracer uptake along the distribution of the falciform artery was recorded. The vessel was identified in pretreatment mapping but could not be embolized. Ice packs were placed on the skin during 90 Y microspheres delivery; however, activity in the distribution of this vessel Analysis was made using multilevel mixed-effects linear regression model Diff-difference; WBC-white blood cell count, ANC-absolute neutrophil count, RBC-red blood cell count, PLT-platelet count, ALC-absolute lymphocyte count. There was no statistically significant difference between study and control groups complete blood count changes over 6 months period a Negative coefficients reflect lower mean values in study group during follow-up period, positive coefficients-higher mean values in study group was detected in the Bremsstrahlung SPECT/CT scan [25] . The patient remained asymptomatic and without skin changes during follow-up.
Side Effects and Complications after 90 Y Radioembolization
Side effects during 90 Y microspheres infusion were observed only in the control group (in 6/58 (9%) of patients), which included pain, hypersensitivity reaction (flushing and swelling) and arterial hypertension. There were no side effects in the study group. There was no difference in incidence of hyperbilirubinemia, grade 1-2 and grade 3-4 toxicities (Tables 4, 5).
Median Liver PFS and OS
Median liver PFS for study and control groups was 4.13 vs. 3.97 months (HR = 1.29, p = 0.38) (Fig. 3) . OS for study and control groups was 11.6 months vs. 9 months (p = 0.74, HR = 0.9) (Fig. 4) .
Discussion
This study demonstrated no indirect evidence of 90 Y leaching when using UDCM for 90 Y resin microspheres administration in both ''B'' and ''D'' lines. This was indicated by no difference in complete blood count values at baseline and follow-ups between the study and control groups. The comparison with the control group was used as reference to anticipated complete blood count changes post-RAE, such as thrombocytopenia and lymphopenia [26] [27] [28] . No abnormal b-emission was detected on Bremsstrahlung SPECT/CT in the study group, which further supported the lack of 90 Y leaching in the study. There was no difference in peri-or post-procedural toxicity, hepatic progression-free and overall survival between the groups. These findings indicated that no additive toxicity occurred during direct infusion of resin microspheres using UDCM. Chao et al., similarly, reported no complications when infusing 90 Y resin microspheres with 50% non-ionic contrast medium in saline [23] .
Statistically significantly lower median fluoroscopy radiation dose was recorded in the study group, compared to control (44.6 vs. 97.4 Gy/cm 2 , p = 0.048), accounting for patients' BMI. The amount of contrast agent used was similar between the groups. A significantly shorter median resin microspheres infusion time in the study group may have attributed to the lower fluoroscopy radiation dose and the same amount of contrast agent used between groups. This is concordant with reported findings by Chao et al. (7 min infusion time for the 50% of Isovue vs. 22 min for the standard sandwich technique) [23] . A 38% reduction in the incidence of stasis in the study group did not reach statistical significance in our study. However, when using 50% of concentration non-ionic contrast medium, a significant decrease in the incidence of stasis was documented [23] . Reflux never occurred during UDCM infusion in our study, compared to three cases in the control group. Nontarget delivery occurred in 5/73 (7%) of infusions in the control group compared to 1/27 (4%) in the study group (all asymptomatic). No gastrointestinal ulceration was noted, comparing favorably to historical data. Gastrointestinal ulceration is the most frequent major complication, reported in 0-20% of RAEs with a median incidence of 8% when using advanced antireflux protective techniques and in 6% of cases requiring surgical ulcer management [29] .
90 Y administration using UDCM was as effective as sandwich technique in terms of liver progression-free and overall survival.
Limitations of the study include its single-center, retrospective nature and the relatively small number of patients. The lack of pathologic assessment such as bone marrow biopsy at different time points after RAE to detect Fig. 2 Mean blood count values within 6 months post-RAE (both RAE sessions included). RBC-red blood cell count; PLT-platelet count; ALC-absolute lymphocyte count; Diff between Tx groups-difference between study and control groups. Diff from baseline-difference between baseline and follow-up values regardless of infusion group. Diff between visitsdifference in values among the follow-up visits irrespective of infusion group. P values accounted for the patients with two RAE sessions, using multilevel mixed-effects linear regression model. The figures demonstrated that there was no statistically significant difference in mean red blood cell (p = 0.17), platelet count (p = 0.45) and absolute lymphocyte count values (p = 0.11) between study and control groups during 6-months follow-up early microscopic bone marrow morphologic changes was another study limitation. Direct 90 Y leaching detection should be performed in blood or urine samples in certified radioactive material laboratories, according to radiation safety standards [21] . The lack of these assessments was limitations of this study. Leaching and radiotoxicity were assessed only indirectly, through post-RAE serial complete blood count, Bremsstrahlung SPECT/CT as well as laboratory and clinical toxicity evaluations. The fact, that 90 Y Bremsstrahlung SPECT/CT has low quantitative accuracy and that it was only done at one-time point (within hours of RAE, according to routine practice), limits the potential for leaching detection [30, 31] . Considering that the half-life of 90 Y is 2.7 days, ideally such study should be performed in several time points within 11 days after RAE to detect all emitted b-radiation in both target and nontarget organs. However, such information would have little if any impact on clinical patient management due to the absence of symptoms and laboratory values, indicating myelosuppression and radiotoxicity. Further prospective studies could address these limitations and optimize the direct 
Conclusion
Despite the limitations, the study met its goal and demonstrated that direct 90 Y resin microspheres infusion with undiluted non-ionic contrast medium was safe and effective. Significant reduction in 90 Y resin microspheres infusion time and fluoroscopic radiation exposure were documented. 
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Clinical Relevance Statement
90
Y resin microsphere administration using undiluted non-ionic contrast material was safe and effective, providing continuous real-time infusion monitoring as well as decreasing infusion time and fluoroscopy radiation dose. The figure demonstrated that there was no statistically significant difference in OS between study group (simultaneous 100% contrast medium infusion) and control group (standard sandwich technique infusion), p = 0.74
